Introduction
Premature germination of seeds in spikes, swaths or during storage, called the sprouting, is one of more important criteria of the quality of seeds intended for reproduction and cereal processing. On a worldwide scale, each year the losses caused by this phenomenon are estimated at about 1 billion dollars [1] . The mechanism of sprouting depends on cultivar, inflorescence structure and seed dormancy level [2] [3] [4] [5] . These traits are controlled at a genetic level but may be changed by climatic factors, which particularly affect seed dormancy level. Over time, domestication and selection have limited the factors responsible for breaking seed dormancy [6] . The resistance to sprouting is one of the quality indices included in breeding programs for a majority of cereals. The complexity of the sprouting process makes it necessary to use various criteria for evaluation and selection. Seeds that are susceptible to sprouting may be characterized not only by shorter or shallower dormancy but also increased susceptibility to mechanical damage, which eventually contributes to a decrease in their sowing value and limits their storability. According to [7] , husked barley and oat seeds are less susceptible to sprouting as compared with naked wheat, oat or triticale seeds. In recent years, intensive work has been carried out in order to explain the biochemical, physiological or molecular basis of sprouting, which is important from an economic point of view [8] [9] [10] [11] [12] [13] [14] [15] .
There are few reports concerning the susceptibility to sprouting in cultivated oat forms [16, 17] , and no information is available on susceptibility to sprouting in more and more popular naked oat cultivars.
The objective of the work is to evaluate the susceptibility to sprouting in naked oat cultivars, and to test the usefulness of the following sprouting indices: coefficient of sprouting, the falling number, germinability, dynamics and average germination time estimated in the presence of growth regulators and under control conditions.
Experimental Procedures

Plant material
The research was done for 8 naked oat cultivars: Abel (Selgen a.s., the Czech Republic), Avenuda (Selgen a.s. u. Prestic, the Czech Republic), Bullion (IGER, United Kingdom), Cacko (HR Strzelce sp. z o.o., Poland), Izak (Selgen a.s., the Czech Republic), Pikant (Toft Planteforaedling Roslev, Denmark), Polar (HR Strzelce sp. z o.o., Poland), Saul (Selgen a.s., the Czech Republic). These cultivars were selected randomly from those that were entered in Common Catalogue of Varieties of Agricultural Plant Species (CCA). The material was propagated in the years 2008-2010 in field experiments carried out at the Experimental Station of the Department of Plant Breeding and Seed Science in Prusy near Cracow (N 50°07'03'' and E 20°05'13''). Harvest was carried out when the seed moisture content was 14.5 -16.2%, by cutting the plants from 20 consecutive rows. Directly after harvest the panicles were threshed using a laboratory threshing machine and the speed of 1.6 m s -1 . The obtained material was cleaned using the pneumatic separator Petkus Labor Windsichter K293, then the seeds were sieved through a 1.75 diameter slotted screen. Every year, before the beginning of laboratory experiments, the material was stored in warehouse of Department of Plant Breeding and Seed Science at temperature 18°C and relative humidity not exceeding 60%.
Direct evaluation of sprouting
The visual evaluation of sprouting was done with 4 replications on samples including 100 seeds, and the damage was distinguished in degrees: 1° -with the unbroken seed coat, 2° -with the broken seed coat, 3° -with a developed germ or root, 4° -with a developed germ and roots. On the basis of the carried out observations the sprouting coefficient C s was determined using the following formula:
where: n1°, n2°, n3°, n4° -number of seeds with a definite type of sprouting.
Germination in the presence of growth regulators
The reaction of naked oat seeds to growth regulators was assessed by sowing, with three replications, of 100 seeds of each cultivar into Petri dishes (Ø140mm), between blotting paper discs moistened with 20 ml of gibberellic acid (GA 3 ) and abscisic acid (ABA) solutions at concentrations of 5 and 50 µM L -1 , respectively. The control (C) was the samples placed on a substrate moistened with water. During the test the ambient temperature was maintained at 20°C. Observations were carried out every 24 hours for 22 days, and the seeds that germinated normally were successively removed from the substrate. As regards the samples on the substrate moistened with water, at day 10 their germinability was determined on the basis of the number of normally germinated seedlings, in accordance with the methodology [18] . Germination assessment included the determination of germination dynamics, GD, according to [19] :
and average time needed for a single seed to germinate, GAT, according to [20] :
where: n i is the number of seeds germinating within the specified time interval, and t i is the seed germination time. In addition, sensitivity to exogenous germination inhibitor, IS ABA , according to [21] , was determined:
where: G H2O -value of germination in water, and G ABA -value of germination in ABA.
Sprouting induction
Sprouting was induced under varied thermal conditions with two replications. 10-g seed samples were placed into Petri dishes between blotting paper discs moistened with 15 ml and 20 ml of water, and next they were transferred to temperatures of 10 and 30°C. The control were the samples in which sprouting was not induced. For four consecutive days, every 24 hours, the sprouted seeds were removed from the substrate and dried at a temperature of 40°C for 24 hours. The material obtained that way was used for determining the falling number (FN) according to the AACC standard [22] using the Hagberg apparatus -SWD Sadkiewicz Instruments.
Statistical analysis
Three-factor analysis was carried out. In particular, an analysis was carried out in order to test the effect of years, substrate and cultivars (independent variables) on germination. In addition, another analysis was performed to test the effect of incubation temperature, incubation time and cultivars (independent variables) on sprouting induction. In the case of a random variable, i.e. harvest years, the testing was performed according to the mixed model. For the selected sources of variation the share (%) of variance components in the total variability of the tested properties was estimated [23] . In calculations where the values were expressed as percentages, the Bliss transformation y=arcsin√x was used. The zero or alternative hypotheses were accepted on the basis of the F test at p=0.05 or p=0.01 and marked as */ or **/, respectively. The significance of differentiation in mean values for individual properties was checked using the LSD test. The evaluation of interrelationships between the properties was carried out on the basis of the significance of Pearson's linear correlation coefficients. The statistical analyses were done using Statistica 9.1 (version 9.1, www.statsoft.com.).
Results and Discussion
Direct evaluation of sprouting
The direct evaluation of sprouting done in the years 2008-2010 showed in the analysis of variance a significant interaction between cultivars and harvest years ( Figure 1) .
Especially high values of the sprouting coefficient C s and its differentiation occurred in the year 2008 when the highest total rainfall (143 mm) and temperature (20,8°C) during seed maturation occured ( Table 1) .
The conditions exceptionally favouring premature germination in the first year of research, in the cultivars Polar and Avenuda contributed to 4 o sprouting damage, which was not observed in the later years. The average share of seeds with visible sprouting in all the years of research in individual samples did not exceed 7%, which indicated lower susceptibility to sprouting of naked oat cultivars before harvest as compared with triticale or wheat (even 38%), which was observed in other experiments. Weidner [7] reports that in dry and warm years there is no risk of premature germination. In the case of naked oat cultivars, the weakest tendency to sprouting was observed in the year 2009 when in the period from flowering to harvest, lowest rainfall (72 mm) and the lowest temperature (18°C) were noted ( Table 1 ). Each year the least sprouting damage was observed in Bullion seeds and the values C s were 23% lower, on average, as compared with the most intensely sprouting Avenuda and Polar seeds.
Germination in the presence of growth regulators
Primary dormancy plays a decisive role in pre-harvest germination; it is formed during seed maturation and determines the state of physiological dormancy of the embryo (embryo based dormancy), and may be additionally modified by the properties of parental tissues (coat based dormancy) [8] . The limited contribution of maternal elements within the generative diasporas is of special importance in naked cultivars the seeds of which, lacking husks, are more exposed to the action of external factors which cause secondary dormancy. The direct evaluation of sprouting, carried out on the basis of germination parameters, showed significant differentiation in all the analyzed sources of variation. The type of the regulator used on the substrate was the factor with the highest (>54%) share in the total variability of all the sprouting indices ( Table 2 ). In addition, high (from 12% to 29%) values of the components for interaction of the substrate and harvest years were observed. It was caused by the particularly strong reaction of seeds of naked oat cultivars to abscisic acid. This growth regulator is synthesized during seed development, in the embryo, and its high concentration inhibits germination while enabling the development and physiological maturation of seeds, and their coming out of the dormancy state [9, 24] . In the present research, in the analyzed three-year period, the share of seeds normally germinating in the presence of exogenous ABA was 21% lower, on average, as compared with the conditions of the control or the presence of GA 3 (Table 3) .
Simultaneously, longer average germination time (additional 4.7 days on average) and 55% lower rate of that parameter were noted. The presence of ABA affected to the smallest extent the cultivars Abel, Cacko and Saul in which, on average, 14% higher frequency and 16% higher dynamics and 17% shorter average time of germination, as compared with the least sprouting cultivars Bullion and Pikant, were noted. The significantly stimulating action of gibberellic acid about which other authors report [25] [26] [27] [28] [29] , was found only when evaluating the rate of germination which increased by 3%, on average, as compared with the control. The weak reaction to the presence of GA 3 resulted from high vigour of oat seeds harvested in all the years at the optimal moisture content (16%). The most effective for the differentiation and characterization of the sprouting of seeds (with high vigour) in the Petri dish test was the use of ABA. According to McCarty et al. [30] , the sensitivity to ABA is one of the criteria for selection of cultivars resistant to sprouting, and cultivars non-sensitive to that hormone show a higher tendency to premature germination. The determined sensitivity index IS ABA, confirmed the varied reaction of naked oat cultivars over years ( Figure 2) .
The lowest, not exceeding 8%, values of IS ABA were noted in the year 2009. In all the analyzed years the cultivar with the highest resistance to sprouting was Bullion in which the accumulated value of IS ABA was more than twice as high as that found for the least sensitive Saul. A similar effect of ABA on germination of wheat was observed by Walker-Simmons [31] who also found a 40% higher concentration of endogenous ABA in the embryos and its slower degradation during seed maturation in cultivars with decreased susceptibility to sprouting. The author especially stresses the possibly worse uptake of water by the germinating embryo, regulated by the presence of ABA, the de novo synthesis of which, according to Wang et al. [32] , plays a key role in this process. Some authors report on the presence in the genome of cultivars resistant to sprouting of receptor sites enabling the blockade of the GA 3 signal caused by the presence of ABA [33] . Other works present a varied level of the expression of embryo genes responsible for the synthesis and decomposition of abscisic acid, the expression being closely connected with the reaction of a definite species or cultivar to environmental conditions, including light and temperature [10, 34, 35] . Table 3 . Germination indices for naked oat cultivars depending on the substrate used (C-control, ABA -abscisic acid, GA 3 -gibberellic acid).
Evaluation of alpha-amylase activity
Sprouting, i.e. premature germination, whether evident or hidden, is connected with the decomposition of seed reserve tissues. The dominant enzyme hydrolyzing the endosperm starch is alpha-amylase; its amount can depend on various factors, for example species, time and temperature of germination, and in highly sprouted seeds it undergoes total decomposition [36, 37] . Flintham et al. [38] in studies on wheat, Lin et. al. [39] in studies on barley, Moś [40] in studies on triticale, and Doehlert and McMullen [17] in husked oat cultivars found that the cultivars in which high activity of alpha-amylase was observed sprouted more strongly that cultivars with low activity of this enzyme. The activity of amylase in naked oat cultivars determined in this work on the basis of the falling number revealed the highest contribution of incubation time during the induction of sprouting, and the value of the variance component in the variability of this property exceeded 62% (Table 4) . Doehlert and McMullen [17] did not note a significant differentiation in the falling number depending on the temperature at which husked oat seeds were incubated, and they found that in the flour obtained from strongly sprouted seeds the falling number attained the minimal value, i.e. 60 seconds. The carried out research has revealed a gradual increase in the enzyme activity during consecutive hours of incubation, irrespective of the thermal conditions. However, a faster and greater (a 29% increase on average) degradation of reserve tissues occurred at a higher temperature (30°C), at which as early as after 48 hours in a majority of the tested cultivars the FN values were close to the minimum (60 s) (Figure 3) .
The significant effect of temperature during seed starch hydrolysis -an increase in which was not always connected with an improvement in germination [41] was confirmed in many survey and experimental works [42, 43] . The maximal differentiation in FN between the samples exposed to the temperatures of 10 and 30°C was observed within the first 24 hours of the test, and it ranged from 53% in the year 2009 to 45% in the year 2008. Sharopova et al. [44] report that almost half of the detected genes in di-, tetra-and hexaploid species of the Avena genus participate in starch hydrolysis already within the first two days of seed germination (the so-called malt amylase), and the rest undergoes expression during further development of seedlings ("green" amylase). The strong activity of Amy genes in the first year of research was most probably the result of unfavourable weather conditions (the highest rainfall -143 mm and temperature 20.8°C) in the period from heading to harvesting, which contributed to the lowest initial FN values (201 s) and next to their rapid decrease together with decomposition of endosperm during consecutive hours of incubation. Each year, under control conditions (dry seeds), the significantly greatest falling number (≈300 s) was noted for the cultivars Bullion and Izak, and the smallest number (223 s) for Avenuda (Table 5 ).
It should be mentioned that Bullion seeds were characterized by the greatest density (63.8 kg·hL -1 ) and thousand kernel weight (28.2 g) [45] . These properties are determined, among other factors, by the degree of seed filling which strongly influences the porosity of the reserve tissue structure. During endosperm decomposition it is just the porosity and access to the substrate surface that play a significant role as they determine the number of amylolytic enzyme absorption sites on the surface of starch grains [46] . It might also explain the slowest increase in alpha-amylase activity in Bullion during the induction of sprouting, both at 10 and 30°C, as well as higher values of FN (18% and 21% higher, respectively) as compared with other genotypes, which confirms the low susceptibility of its seeds to sprouting. Searching for a similar but reverse relationship in Avenuda, with the highest percentage of seeds with sprouting damage and alpha-amylase activity (FN<113 s), it proved true only in relation to the lowest hectolitre weight.
Relationship between analyzed traits
The coefficients of correlation estimated in the control conditions for the tested sprouting indices attained the highest values between the index of sensitivity to abscisic acid and the dynamics and average time of germination (r = 0.726** and r = -0.705**) ( Table 6 ).
In the case of methodically different tests, the highest significant linear relationship for the value of the sprouting coefficient occurred in relation to the falling number (r from -0.588** to -0.710**). This indicates that the variability of these two properties may be explained by the coefficient of determination ranging from 35% to 50%, depending on the temperature during incubation under provocative conditions. In addition, significant correlations between the dynamics and average time of germination versus the falling number, determined both before and after the induction of sprouting, were found. The macroscopic evaluation did not show significant linear correlation between sprouting coefficient and index of the susceptibility to ABA.
Conclusion
The analyses of variance showed a varied reaction of naked oat cultivars to sprouting over years. The lowest susceptibility to premature seed germination was observed in the year 2009, in which during seed maturation the lowest total rainfall (72 mm) and temperature (18°C) occurred. Oat seeds exposed to the action of abscisic acid were characterized by a significantly lower percentage (a 21% reduction) of normally germinating seeds, 112 hours longer average germination time and 55% lower rate of germination as compared with the control conditions and the presence of GA 3 . The falling number for naked oat cultivars from various harvest years exposed to 30°C during the induction of sprouting was 29% lower, on average, than that observed at 10°C. The factor which most significantly modified the falling number during the induction of sprouting in naked oat cultivars was incubation time, and the progressive increase in alpha-amylase activity contributed to a decrease in the falling number -on average, a 50% decrease at 30°C after 24 hours and at 10°C after 48 hours. The values of the sprouting coefficient, germination indices, index of sensitivity to abscisic acid and the falling number indicate that the lowest susceptibility to sprouting was characteristic of Bullion seeds. The correlation coefficients determined for sprouting indices confirm their linear relationship.
Especially high values occurred between the coefficient of sprouting and the falling number (r from -0.588** to -0.710**). 
